Nanocrystalline (NC) Cu samples were synthesized by means of surface mechanical attrition treatment, from which a layer of NC structure was formed on a coarse-grained Cu plate. Low-amplitude oscillating wear/fretting behaviors of the NC Cu samples were investigated under oil lubrication in comparison with those of as-annealed coarse-grained Cu samples. It was found the NC Cu possesses a markedly enhanced wear resistance and a higher friction coefficient relative to the coarse-grained Cu. A continuous metal transfer layer is formed on the mating ball after fretting against the NC Cu, while no material transfer occurs for the as-annealed Cu. The effects of experimental parameters and the hardness of Cu samples on the formation of a transfer layer have been systematically investigated. The transfer layer is evidenced to play an important role in the enhanced wear resistance of the NC Cu, but it has a trivial effect on its high friction coefficient.
I. INTRODUCTION
Studies on the mechanical properties of nanocrystalline (NC) materials, especially tensile strength, ductility, and fatigue behavior, have been a focus of research. In recent decades, the friction and wear characteristics of nanostructured materials have also been paid more attention for their potential engineering applications. Most investigations with regard to this aspect have been performed on dual-phase alloys and composites, and systematic studies of wear in pure NC and ultrafine-grained metals have been less common. Jeong et al. 1 reported much improvement in the abrasive wear resistance of electro-deposited NC nickel due to grain refinement. Schuh et al. 2 found a reduction in grain size below 14 nm for NC nickel did not improve its scratch wear resistance, and Hanlon et al. 3 examined the effect of grain size on friction evolution and damage accumulation in scratch tests. Sliding wear tests were also investigated on ultrafine-grained titanium, 4 NC aluminum, 5 copper, [6] [7] [8] nickel, and cobalt. 9 The results demonstrated that ultrafinegrained and NC metals exhibited enhanced wear resistance to a certain extent and decreased or unchanged friction coefficient as a result of grain refinement. While, to the best of our knowledge, only a few articles 10, 11 are available involving experimental phenomena in fretting, and no systematic investigation on fretting behavior of nanostructured metals has been reported.
The transfer of material between contacting surfaces is usually encountered under fretting contacts, even under oil-lubricated conditions. [12] [13] [14] It usually plays a critical role in the performance of many tribological systems, leading to either a reduction in friction coefficient and wear, 13 or a rise in friction coefficient. 14 Material transfer is a complex process and is determined by mechanical and chemical interactions at the rubbing surfaces. Though lots of work has been carried out on developing insight into the mechanisms of material transfer, including a mechanical interlocking model derived by Feng, 15 a seizure criteria proposed by Ling and Saibel, 16 and the surface energy criteria of Chen and Rigney 17 and their role on friction and wear, [18] [19] [20] all of those works were performed with a fairly specific point of view under certain operating conditions.
In previous studies, 6, 8, 21 a NC surface layer on a Cu plate was achieved by means of surface mechanical attrition treatment (SMAT). Its low-amplitude oscillating wear/fretting resistance against a WC-Co ball was investigated under oil-lubricated conditions. 11 Normally, lowamplitude oscillating wear in an oxidizing environment is termed "fretting"; we use the term fretting under conditions of oil lubrication for convenience in the following presentation. A discontinuous metal-transfer layer was formed on the counterpart ball during the fretting tests. However, the mechanisms involved, in particular those concerning forming factors and roles in the fretting process, are not clear. To gain a deep insight into these mechanisms, the current work was carried out with an SAE52100 steel ball as a counterface, in that its hardness is closer to that of the plate relative to the WC-Co ball, which increases the tendency of adhesion between the contacting surfaces. As a result, more obvious plate material is suggested to transfer on the ball surface, which is convenient for study.
II. EXPERIMENTAL
The material used in this work is a copper plate (100 mm × 100 mm × 3 mm in size) with a purity of 99.99 wt%. Before treatment, the Cu sample was annealed at 923 K for 2 h to obtain homogeneous coarse grains. The details of the SMAT process and its principles have been described previously.
22-25 SAE52100 steel balls with a diameter of 8 mm were placed at the bottom of a cylinder-shaped chamber attached to a vibration generator, causing the balls to impact onto the sample surface to be treated at the upper side of the chamber. The samples were treated under vacuum at room temperature for 30 min with a vibration frequency of 50 Hz. Plastic deformation with a large strain and a high strain rate results in a progressive refinement of coarse grains in the surface layer on a nanometer scale.
The microstructure of the surface layer on the as-SMAT Cu was characterized by using transmission electron microscopy (TEM) on a Philips (Amsterdam, The Netherlands) EM 420 electron microscope operated at a voltage of 120 kV. Thin foil samples for TEM observations were cut from the treated surface layer by using the electrospark-discharge technique and were thinned by ion thinning at low temperature.
All fretting wear tests of the as-SMAT Cu samples were performed using an Optimol (Munich, Germany) SRV III tester in a ball-on-plate contact configuration, where wear samples of the SMAT Cu, cut from the treated specimens to plates with a dimension of 8 mm × 8 mm × 3 mm, slid against SAE52100 steel balls with diameters of 10 mm with a microhardness of ∼746 and a surface roughness (R a ) of ∼0.01 m. The microhardness was measured using a Vicker's hardness tester with a load of 5g and a duration of 10 s.
The top surface layer of 3-5 m in the as-SMAT sample was removed by polishing carefully to eliminate the surface-roughness effect on tribological behavior. In our tests, the wear scar depths under various fretting conditions were <20 m, implying that the samples we measured are NC Cu. The fretting wear tests were carried out in an ambient environment (room temperature ∼20°C, humidity 40-50%) with mineral oil lubrication, the detailed physical characteristics of which are given in Table I . The test parameters are selected as 50-200 N in load, 20 Hz in frequency, 50-150 m in slip amplitude, and 72,000 in maximum fretting cycle, with an initial maximum Hertz contact stress and radius ranging from 0.87 GPa and 171 m to 1.38 GPa and 271 m, respectively. The wear tests of a Cu sample annealed at 873 K for 6 h and cold-rolled Cu samples with different hardness values were also conducted under the same conditions for comparison. The R a of all samples used in our tests is ∼0.1 m. The specimens were cleaned in an ultrasonic bath of alcohol before performing the fretting tests.
During each test, the variation of the coefficient of friction (COF) with the number of cycles was automatically recorded. The cross-sectional profiles of V were measured by using a surface profilometer (Model 2205; Harbin Measuring & Cutting Tool Group Co. Ltd., Harbin, China) with a diamond stylus.
The morphologies of the worn surfaces at different wear conditions were characterized by using a Cambridge (Cambridge, UK) S360 scanning electron microscope (SEM) at an operating voltage of 20 kV with energy dispersive spectroscopy (EDS) and an x-ray mapping system. The samples were ultrasonically cleaned in acetone for about 10 min before SEM observations were performed.
III. RESULTS AND DISCUSSION

A. Microstructure of the as-SMAT Cu
In the top surface layer of the as-SMAT Cu sample, grains are nanometer-sized and mostly equiaxed with random orientations, as indicated by the selected-area electron diffraction (SAED) pattern [ Fig. 1(a) ]. Statistical measurement from a number of bright-field and darkfield TEM micrographs shows that the average grain size in the top layer (about 5 m thick) is about 14 nm. Grain sizes increase gradually with increasing depth from the topmost surface, as exemplified in Fig. 1(b) . The average grain size increases from about 10 nm in the top surface to about 100 nm at a depth of 25 m. A detailed microstructure characterization of the as-SMAT Cu sample can be found in Ref. 21 .
B. Friction and wear behaviors of the NC Cu
COF
The measured data of the COF for the NC Cu sample exhibit large fluctuations and a stick-slip tendency up to Measurements of the steady-state COF under different loads showed that it increases with an increasing load for both samples (Fig. 3) , which is in accord with the fact that the effectiveness of the lubrication film decreases with the load. 26 Within the applied load range, the steady-state COF of the NC increases slightly from 0.10 at 50 N to 0.115 at 200 N, which is higher than that of the as-annealed Cu sample. For as-annealed Cu, a more obvious increment in steady-state COF is seen, ranging from 0.07 at 50 N to 0.11 at 200 N.
Worn surface morphologies and wear loss
The fretting wear scars of the NC Cu (elliptical in shape) is apparently smaller than that of the as-annealed Cu (circular), as illustrated in Figs. 4(a) and 4(c). Close inspection reveals the presence of some shallow plough marks parallel to the direction of fretting displacement with cracked edges in the NC Cu sample. In the asannealed Cu, the worn surface is rather smooth, in accordance with its low and stable COF. In addition, slip bands caused by plastic deformation can be found on the wear track. Plough marks in the NC sample and slip bands in the as-annealed Cu become clearer at higher loads, implying more severe wear. An EDS analysis of the wear scars on both samples revealed no oxygen on the wear track, indicating effective inhibition of the oxygen access to the fretting interface by the oil lubrication. In our tests, copper, which is a typical soft metal with high ductility, is used as the plate material. So, the volume loss caused by fretting wear (i.e., ⌬V) can be determined by measuring the total volume of the wear scar (V) and the volume of the imprint left on the material created solely by an indent with the same load and duration (V 0 ):
The value of V is calculated using the approximate Eq. (1) given by Raciti et al., 27 where a is the slip amplitude, R is the radius of the ball, A is the cross-sectional area of the V, and h is the maximum depth of the wear scar.
The value of V 0 can be can be expressed by the crown volume equation:
To determine V 0 , we imposed a load and kept the steel ball stationary for a duration of 1 h (i.e., the duration of the fretting experiment for 72,000 cycles), a detectable imprint solely caused by compaction (indent) can be generated on the plate surface, as is shown in Fig. 5 . The heights of the compacted scars and the wear scars values for the two samples are of the same order. For instance, the height of the compacted scar of the SMAT Cu is about 3.5 m, nearly one third of that of the V (∼11 m). 
C. Transfer layer
Formation of transfer layer
Attention has also been paid to the appearance of the mating ball surfaces after fretting tests. The formation process of a transfer layer on a steel ball with the fretting cycle against the NC Cu sample can be seen in Fig. 7 . In the first few thousand cycles, discrete transfer patches can be observed on the counterpart ball. With an increasing cycle, an increased amount of the transfer material is picked up until a continuous transfer layer composed of Cu has been formed on a steel ball. As in Fig. 2(b) , the transfer-layer area exhibits a rapid increase with fretting cycles initially, then tends to a saturation with a further increase in fretting cycles after experiencing fluctuations in the COF of about 12,000 cycles. For fretting against the as-annealed Cu, transferred material cannot be detected at all on the mating ball surface. Therefore, the obvious fluctuation in COF in the initial stage of fretting can be attributed reasonably to the formation of the transfer layer on the mating surface. lasting for about 10,000 cycles, slightly less than that of the NC Cu sample, was also observed, which is indicative of material transfer (Fig. 8) . However, in the COFfretting cycle curve of the Cu sample with a microhardness of about 0.85 GPa, the stick-slip phenomenon disappears completely, and no transfer layer was formed on the ball surface, which is analogous to the situation for the as-annealed Cu sample. Transfer layers are found to form on the mating ball when the sample hardness exceeds 1.0 GPa (as shown in the inset in Fig. 8) . The above results indicate that the hardness of Cu is a key factor in tailoring material transfer during a fretting test in the presence of mineral oil.
Transfer from copper to steel is a common phenomenon in dry conditions, which can be well understood based on the surface energy criteria of Chen and Rigney, 17 because copper has a lower surface energy (∼1100 erg/cm 2 , 1 erg ‫ס‬ 10 −7 J) than that of steel (∼1500 erg/cm 2 ). Though no obvious transfer layer from as-annealed Cu to the steel ball can be found under the upper critical load of 200 N, it might be detected with a further increase in the load as a result of the ineffectiveness of the lubrication film. Under oil lubrication, oil would be expelled from the contact zone when the tribocouple surfaces come into contact, so that easier breakdown of the oil film and direct metal-to-metal contacts would occur in less oil residency conditions. Large plastic strains would be caused in these local metal-to-metal contacts. Then, the resulting heterogeneities leave the nearsurface material susceptible to shear instability, which in turn leads to a local transfer of material. Such a picture of the transfer process, which has been suggested to be effective in our tests under oil lubrication, has been well documented for dry sliding wear of metals by Rigney et al. 28 The theoretical maximum Hertz stress under a load of 100 N is about 1.09 GPa according to Hertz elasticcontact theory, 29 regardless of the microstructure, beyond the yield strengths of all of the samples used in the present work (the maximum yield strength of the NC Cu is about 410 MPa 30 ). It can be reasonably assumed that plastic deformation occurs before the contact stress reaches that level; thus, the actual contact stress is determined by the yield strength of the sample. Accordingly, for the sample with a higher hardness or yield strength, higher contact stress is experienced, which can function in two ways to influence the transfer behavior of the tribocouple in oil conditions. First, a higher contact stress can inhibit the replenishment of the oil into the contact zone. Second, an increased amount of direct metal-tometal contacts could be induced under higher contact stress conditions. As a result, material transfer from the Cu plate to the counterpart ball can be induced, in accordance with typical stick-slip phenomenon in the friction process, where the source of stick is local adhesion of the two contact surfaces and the slip is due to rupture of the adhesion junction and subsequent transfer of the material. After the stick-slip phenomenon is finished, a continuous transfer layer is built up on the counterpart ball, and thereafter, a steady-state COF is reached. As the plate hardness decreases to a certain extent, the contact stress induced is too low to postpone the penetration of the oil and cause enough metal-to-metal contacts. So, for the as-annealed Cu with lower hardness, oil can enter the contact zone and separate the frictional surfaces quickly, resulting in its abruptly decreased COF.
Effect of experimental parameters on formation of transfer layer
It is also interesting to note that experimental parameters, especially slip amplitude, play an important role in the transfer behavior of the NC Cu sample. With an increasing amplitude, other parameters being unchanged, a decreasing amount of the transferred material from the NC Cu is found on the mating ball, accompanied by a reduced duration in the stick-slip stage, which has been demonstrated to be the incubation of the formation of the transfer layer. It is clear from Fig. 9 that the steady-state COF is achieved after fluctuating for about 1600 and 3200 cycles under amplitudes of 125 and 100 m, respectively, which are much shorter than cycles under an amplitude of 50 m. It is noted that under a high amplitude of 125 m, a little higher steady-state COF is achieved, which may be attributed to the increased slip speed. The relationship between the incubation of the transfer-layer formation and the slip amplitude follows an inverse proportional relation (shown in the inset in Fig. 9 ). When the slip amplitude is increased up to 150 m, a transfer layer would hardly be observed.
Slip amplitude can certainly modify the friction behavior under oil lubrication, especially in the early stage, in terms of the penetration ability of the oil into the fretting contact region. As the amplitude is increased, it becomes easier for oil to infiltrate into and remain in the contact zone 31 ; thus, a layer of continuous oil film can be formed quickly on the rubbing surfaces, which would prevent interactions of asperities on the contact surfaces. Consequently, both the incubation for transfer-layer formation and the transfer amount are reduced. As the amplitude is increased up to 150 m for the NC Cu sample, the transfer of material would not occur even though high contact stress is produced.
A continuous transfer layer can be found at all the loads and frequencies applied in the present test. As in Fig. 10 , the incubation for transfer-layer formation increases slightly with an increasing load, indicating that the applied load has a trivial effect on the formation of the transfer layer under the experimental conditions. While the incubation follows a rapid increase with an increasing fretting frequency until it reaches a maximum value of about 23,000 cycles at 50 Hz, thereafter it descends.
It is reasonable to observe the trivial effect of the applied load on the formation of the transfer layer. As mentioned above, contact stress plays an important role in the process. With the present experimental conditions, the theoretical maximum Hertz stress under a load of 50 N is about 0.87 GPa according to Hertz elastic-contact theory, 29 far higher than the yield strength of the NC Cu sample. So, the contact stress is determined by the yield strength of the NC Cu, independent of the applied load.
When the fretting frequency is increased, the probability of adhesion decreases as the length of time that the surfaces stay together becomes shorter, as proposed by Diss and Brendle. 32 So, it should take a longer incubation time at a higher fretting frequency for a continuous transfer layer to form on the counterpart surface. At the same time, increasing the fretting frequency may lead to a temperature rise due to friction. When the fretting frequency is high enough, the surface temperature rise may cause softening of the plate material, thus reducing the contact stress. Consequently, the incubation time for transfer-layer formation is reduced. This may explain the peak behavior in the frequency-dependent incubation [ Fig. 10(b) ].
Effect of transfer layer on friction and wear behavior of the NC Cu
For demonstrating the influence of the transfer layer on the friction and wear properties of the NC Cu sample, the following experiment was designed. First, a fretting test on the NC Cu sample was performed to produce a transfer layer on the steel ball. Then, using this steel ball with an existing transfer layer, a fretting test of the asannealed Cu sample was conducted. The morphology of the transfer layer was kept unchanged as the test proceeded against the as-annealed Cu sample, suggesting a good adhesion between the transfer layer and the ball. When a transfer layer was introduced, no change was seen in the COF over the entire duration of the test. However, the ⌬V of the as-annealed Cu sample was much reduced, decreasing from 45 × 10 −3 to 21 × 10 −3 mm 3 . Also, a steel ball with an existing transfer layer can be tested successively against the NC Cu sample at large amplitudes, which was 150 m in the following tests. Similarly, the NC Cu sample also showed and unchanged COF and a decreased wear loss. All of the results are summarized in Table II Thus, it can be concluded that the transfer layer between the tribopairs plays a significant role in reducing wear loss, while contributing slightly to the COF.
It is well established that whether the transfer layer increases or reduces wear loss depends on its adhesion with the substrate. If the transfer layer is formed and detached alternately, severe wear would occur; whereas, in the case that the transfer layer is held in place once it is formed, it usually can reduce wear. In our tests for the NC Cu sample, the mechanism of wear in the initial stage was adhesive, which correlated with the occurrence of the material transfer. Thereafter, ploughing comes into play, which is evidenced by the worn morphologies of the NC Cu sample in Fig. 4 . When a steel ball is covered with a transfer layer, actual wear takes place between the transfer layer on the ball and the Cu surface, rather than between the surfaces of the mating couple. So, the requirement for severe ploughing wear that one member must be harder was not met, giving rise to reduced wear loss.
D. Effect of hardness on friction and wear behavior of the NC Cu
Effect of hardness on COF
In our tests, the COF was around 0.1, which is typical of values under boundary lubrication. 33 Under this condition, part of the applied load was carried by the lubricant trapped between the surfaces, and the rest was carried by the asperities that stand higher than the thickness of the lubricant film. So, the COF can be expressed by Eq. (4)
where a is the COF at the contacting asperities, h is the Newtonian COF due to viscous drag of the fluid, and ␤ is the fraction of the load carried by the contacting asperities. 34, 35 It is well known that the real contact area is inversely proportional to the hardness of the softer sample in the tribopair. The surface microhardness of the NC Cu samples was measured to be 1.3 GPa, 6 which is much higher than that of the as-annealed Cu sample of <0.7 GPa. Thus, the NC Cu sample must possess a smaller real-contact area and a higher contact stress relative to the as-annealed Cu sample. As a result, the area fraction of the contacting asperities (i.e., ␤) is much higher than that of the as-annealed Cu, leading to an increased COF. It is also the reason why the steady-state COF increases with the hardness of the Cu samples in the inset of Fig. 8 .
Effect of hardness on wear loss
Studies have revealed that wear may be correlated with several mechanical properties of metals, of which the surface hardness of the material is an important parameter in determining the wear behavior. According to the classic Archard's law, 36 which can function in a ploughing mechanism, an increase in the hardness of the softer sample is associated with its enhanced wear resistance. So, for the NC Cu sample the higher microhardness that originated from the grain refinement along with a deep plastic deformation layer 6, 21 may account mainly for the higher wear resistance over that of the as-annealed Cu sample. In addition, for the NC Cu sample with a higher hardness, the extension of the edge into the wear track perpendicular to the slip direction is not easy to occur; accordingly, it is reasonable to assume that the overall morphology when subjected to fretting wear will be more elliptical, while for the as-annealed Cu sample intensive plastic deformation and plastic flow lead to a circular worn track and a high rate of material removal. Moreover, the NC Cu sample represents an increase of the ⌬V with load (Fig. 6) , which can be attributed to the decreased microhardness with increasing depth from the treated surface, as the wear depth increases with an increase of the load.
IV. CONCLUSIONS
(1) A NC Cu sample was synthesized by means of SMAT. It exhibited a markedly enhanced fretting wear resistance and a higher COF relative to the coarsegrained Cu sample.
(2) A continuous transfer layer consisting of Cu is formed on a mating steel ball after fretting against the NC Cu, while no material transfer occurs for the as-annealed Cu. Experimental parameters, especially slip amplitude and fretting frequency, and hardness of Cu samples are important factors influencing the transfer behavior of the NC Cu.
(3) The transfer layer in between the NC Cu-steel ball pair contributes little to the increased COF, but it partly accounts for the enhanced fretting wear resistance of the NC Cu sample relative to the as-annealed Cu sample. (4) The increased COF for the NC Cu sample can be linked to its high microhardness in comparison with that of the coarse-grained Cu sample.
